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OPSOMMING
Die teenvloei van gas en vioeistof in reghoekige skuins buise is eksperimenteei ondersoek.
Die drukverlies oor die skerp gasinlaat en die drukval in die buis is gerneet vir verskillende
kombinasies van water, propanol, metanol, lug, argon, helium en waterstof. Buishoogtes en
breedtes van 50 mm tot 150 nun en 10 nun tot 20 nun respektiewelik is getoets. Die Idem
van die ondersoek is op lae vloeislOfvloeitempos soos teenwoordig tydens kondensasie van
stoom in lugverkoelde teenvloeikondensors.
Vir lae tot matige gasvloeitempos is die drukval afhankJik van die gas Reynolds-getal
terwyl die densimetriese gas Froude-getal die heersende parameter word soos die gasvloei
toeneem. Die hidrouliese diameter veneenwoordig die dimensie in die Reynolds-getal maar
die buishoogte word die karakteristieke dirnensie in die Froude-getal gebied.
Vloedingskurwes is vir 'n reeks van buishoeke gegenereer. Die vloedingdata korreleer
in terme van die Froude-getal en 'n dimensielose parameter bestaande uit die hidrouliese
diameter, oppervlakspanning, vloeistofdigtheid en die vloeistofviskositeit. Die
vloeidingsnelheid is primer van die buishoogte, vloeierdigthede en die buishoek afhanklik.
Die vloeistofviskositeit-effek is sterker as die van die oppervlakspanning. Beide die
eienskappe speel egter 'n sekondere rol. Die gas Reynolds-getal beInvloed nie die
vloeidingsproses nie.
Die fundamentele bevindinge van die teenvloeiondersoek is toegepas om die
werkverigting van 'n lugverkoelde teenvloeikondenser teoreties te modelleer.
Werkverigtingstoetse is uitgevoer op 'n volskaal teenvloeikondenser. Die toetsresultate
word vergelyk met die teoretiese voorspelling. Die teenvloeikondensor behaal slegs sowat
600.10 van die voorspelde warmteoordrag omdat van die gevinde buise gedeeltelik by
omgewingstemperatuur is. Hierdie verskynsel heet koue of dooie sones. Dit blyk dat die
kondensaat in die onderste spruitstuk nie vrylik kan dreineer nie en in die vorm van
druppels deur die stoom opgesleur word. Gevolglik versamel kondensaat binne die buise en
sodoende kan nie-kondenseerbare gasse nie effektief uit die teenvloeikondensor verwyder
word nie. Soos die gasse versamel word koue sones gevorm. Dit blyk dat vloeding soos
waargeneem in enkelbuise nie tot die vonning van koue sones bydra nie.
Trefwoorde: Gas-vloeistof-vloei. Teenvloei, Skuins buise, Drukval, Vloeiding,
Teenvloeikondensasie. Deflegmator, Dooie sones.
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ABSTRACT
An experimental investigation on gas-liquid counterflow in inclined rectangular ducts is
conducted. The pressure drop across the sharp-edged gas inlet and the pressure gradient
inside the duct are measured. Combinations of water, methanol, propanol, air, argon,
helium and hydrogen are tested. The duct height and width are varied from 50 nun to
150 nun and 10 nun to 20 nun respectively. The emphasis is on high void fraction flow,
i.e. low liquid flow rates as encountered in air-cooled reflux condensers.
At low to moderate gas flow rates the pressure gradient is gas Reynolds number
related while it becomes dependent on the superficial densimetric gas Froude number as
the gas flow is increased. According to experiment the hydraulic diameter is the required
length dimension in the gas Reynolds number while the duct height becomes the
characteristic dimension in the Froude number regime.
Flooding curves are generated for duct inclinations from close to the horizontal to
the vertical. The data correlate in terms of the phase Froude numbers and a
dimensionless liquid property parameter containing the hydraulic diameter, density,
surface tension and the viscosity. The flooding gas velocity is found to be strongly
dependent on the duct height, the phase densities and the duct inclination. The liquid
viscosity has a stronger effect than the surface tension. Both these properties however
playa secondary role. Flooding is not related to the gas Reynolds number.
A theoretical model, based on the phenomenological findings of the adiabatic
counterflow investigation, is derived to evaluate the performance of an air-cooled reflux
condenser. Field tests are conducted on a full scale reflux condenser and the measured
performance is compared to the model prediction. The reflux condenser is found to
achieve only ;;::60% of the predicted heat rejection rate due to the existence of so-called
cold or dead zones. Indications are that excessive entraiment in the bottom header and
the subsequent accumulation of condensate in the finned tubes causes a maldistribution
of the steamside flow. In the process noncondensable gases accumulate and form dead
zones, causing ineffective performance. Flooding as found in single-ducts does not
appear to contribute to the formation of the dead zones.
Keywords: Gas-liquid flow; Countercurrent flow; Inclined duets; Pressure drop;
Flooding; Reflux condensation; Dephlegmator; De-aerator; Dead zones.
Iv
ACKNOWLEDGEMENTS
Firstly, I would like to express my gratitude for Prof. Kroger for his guidance and
motivating influence throughout my postgraduate studies.
[ funher would like to thank my family for their suppon.
Kobus Zietsman and my fellow students who assisted me in the laboratory and during the
investigation of the fulJ scale condenser deserve a special word of thanks. Your help
meant a lot and is very much appreciated.












D· 'n! .ImenSIQ ess groups XlV
PART A: ADIABATIC COUNTERFLOW INVESTIGATION
CHAPTER 1 INTRODUCTION 1.1
1,1 Gas-liquid counterflow in reflux condensers employed in the
power industries 1. 1
1.2 Scope of the present investigation 1.2
1.2.1 Part A: Adiabatic countercurrent flow and flooding investigation 1.3
1.2.2 Part B: Full scale dephlegmawr tests and analysis 1.4
1.3 Past investigations on gas-liquid countercurrent flow 1.4
CHAPTER 2 LITERATURE SURVEY ON EXPERIMENTAL FLOODING,
PRESSURE DROP AND ENTRAINMENT STUDIES FOR
CO TERCURRENT FLOW 2.1
2.1 lntroduetion 2.1
2.2 Flow panems 2.1
2.2.1 Vertical cocurrent upflow 2.1
2.2.2 Vertical countercurrent flow 2.5
vi
2.2.3 Horizontal cocurrent flow 2.6
2.2.4 Flow patterns during inclined upward flow 2.8
2.3 Flooding during adiabatic flow inside vertical tubes and ducts 2.9
2.3.1 The flooding definition 2.9
2.3.2 Gas-liquid interactions during counterflow and the effect of the
liquid outlet/gas inJet configuration on the flooding process 2.11
2.3.3 Discussion of the observations on the behaviour of the gas-liquid
interface and flooding 2.22
2.4 The effect of the test section geometry on flooding during adiabatic flow 2.26
2.4.1 The tube length effect 2.26
2.4.2 The influence of the cross-sectional duct geometry on counterflow 2.27
2.4.3 Flooding inside inclined duets and tubes 2.31
2.5 The role of the fluid properties during flooding 2.33
2.5.1 Previous investigations 2.33
2.5.2 Discussion 2.43
2.6 Limiting conditions during reflux condensation 2.47
2.7 Pressure gradient during countercurrent gas-liquid flow 2.52
2.8 Liquid entrainment encountered in countercurrent flow 2.55
2.9 Conclusions and aim of the present adiabatic counterflow investigation 2.57
CHAPTER 3 EXPERIMENTAL EQUIPMENT AND
DATA ACQUISiTION 3.1
3.1 Introduction 3.1
3.2 Liquid supply 3.\
3.3 Gas supply 3.6
3.4 Test section configurations 3. 7
3.4.1 Long configuration 3.7
3.4.2 Short configuratinn 3.\1
3.4.3 Entrainment measurements 3.13
3.5 Instrumentation 3.13
3.5.1 Pressure measurements 3.13
3.5.2 Data acquisition system 3.16
3.6 A typical experimental run 3.19
vii
3.7 Accuracy of the system 3.20
CHAPTER 4 EXPERJMENTAL RESULTS: FLOW PATTERNS AND
PRESSURE DROP .4.1
4.1 Presentation of data .4.1
4. 1.1 Frictional pressure drop .4. 1
4.1.2 Entrance pressure drop 4.3
4.2 Flow patterns observed at a duct inclination of 60° to the horizontal 4.4
4.2.1 Air-propanol flow inside the 50 nun duet (W, ~ 10 nun) .4.4
4.2.2 Air-propanol flow inside the 100 mm duct .4.13
4.2.3 Air-water flow inside the 100 mm dUCL .4.18
4.3 Pressure drop characteristics at an inclination of 60° to the horizontal 4.23
4.3.1 The effect of the duct height .4.23
4.3.2 The effect of the gas properties 4.23
4.3.3 The effect of the liquid properties and wetting on the pressure
drop characteristics 4.28
4.3.4 The effect of the liquid flow rate wening on the pressure
drop characteristics 4.32
4.4 Flow patterns observed at a duct inclination of 5° to the horizontal.. .4.34
4.4.1 Air-propanol flow inside the 50 nun duct (W, ~ 10 mm) .4.34
4.4.2 Air-propanol flow inside the 100 mm dueL.............................. . .4.38
4.5 Flow patterns observed during vertical flow of air-propanol in the
50nunduct(W,~ 10 nun) .4.41
4.6 The effect of the duct inclination on the flow patterns and the
pressure drop 4.53
4.7 The transient nature of gas-liquid counterflow at intennediate angles .4.59
4.8 Summary of the results......... . .4.64
CHAPTER 5 EXPERJMENTAL RESULTS: FLOODING AND
E TRAINMENT. 5.1
5. 1 The flooding definition for counterflow in vertical and inclined ducts 5.1
5.2 The role of the duct dimensions during flooding 5.4
5.3 The effect of the fluid properties on flooding inside inclined ducts 5.14
5.3.1 The effect of the gas properties 5.14
VlU
5.3.2 The effect olthe liquid properties 5.14
5.4 The effect of the duct inclination on flooding 5.23
5.5 Correlation for flooding inside inclined rectangular ducts 5.29
5.6 The effect of the liquid properties on flooding inside vertical
rectangular ducts 5.32
5.7 Entrainment during counterflow in the 150 mm duet inclined 60° 5.36
5.8 Discussion of the flooding results 5.39
CHAPTER 6 EVALUATION OF THE VALIDITY OF THE FROUDE-Zk
NUMBER COMBINATION AND CONCLUSIONS 6.1
6.1 Flooding data of other investigations 6.1
6.1.1 CLifteral. [66CLl] 6.1
6.1.2 Suzuki and Veda [77SVI] 6.2
6.1.3 Chung er al. [79CHI,80CHI] 6.2
6.1.4 Zapke and Kroger [96ZAI] 6.7
6.2 General remarks and conclusions 6.1 0
PART B: PERFORMANCE MODELLING AND lNVESTIGATlON OF A FULL
SCALE AiR-COOLED CONDENSER
CHAPTER 7 BACKGROUND ON THE CONDENSER-
DEPHLEGMATOR SYSTEM 7.1
CHAPTER 8 DESCRPTION OF THE FULL SCALE TEST PROCEDURE .. 8.1
8.1 Airside measurements and instrumentation 8.1
8.2 Steamside measurements and instrumentation 8.4
8.3 Data acquisition and test procedure 8.5
CHAPTER 9 ANALYSIS OF A DIRECT DRY-COOLED FORCED
DRAFT CONDENSER 9.1
9. I lntroduction 9.1
9.2 Steamside flow analysis 9.2
9.2.1 Condenser unit 9.2
ix
9.2.2 Dephlegmator unit 9.9
9.3 Airside flow 9.15
9.4 Ejector characteristics 9. 18
9.5 Turbine characteristics 9.21
9.6 System solution 9.22
CHAPTER 10 COMPARISON BETWEE FIELD TEST RESULTS
Al'ill THEORy 10.1
10.1 Penormance evaluation ofa single condenser unit 10.1
10.1.1 Air inlet temperature for equation (8.1) 10.1
10.1.2 lnput data for simulation model 10.2
10.1.3 Airside prediction according to theory l0.3
10.1.4 Heat transfer and steamside flow prediction according to theory 10.5
10.1.5 Comparison of the predicted and measured performance 10.6
10.2 Performance evaluation of a single dephlegmator unit.. l 0.8
10.2.1 Infra-red images of the dephlegmator bundles 10.9
10.2.2 Comparison of the predicted and measured dephlegmator
perfonnance \0.18
10.2.3 Discussion of the dephlegmator performance 10.22
10.3 Reduction in turbine output due to ineffective dephlegmator performance 10.28
lOA Closing remarks \0.30
CHAPTER II SUMMARy 11.\
REFERENCES R.I
APPENDIX A DETAIL DRAWINGS OF FULL SCALE
AIR-COOLED CONDENSER .A.I
APPENDIX B ORIFICE PLATE DESIGN
AND FLOW RATE CALCULATION B.1
APPENDIX C PROPERTIES OF FLUIDS C.I
APPENDIX D PRESSURE DROP DATA FOR THE LONG CONFIGURATION
INCLINED AT 60· TO THE HORIZONTAL D.l
APPENDIX E PRESSURE DROP DATA FOR THE SHORT
CONFIGURATION E.I



















































































































































































































































































































































































































































































